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ABSTRACT 

Thick boundary layers in a low density wind tunnel nozzle have been 
reduced by applying suction on the diverging walls of the nozzle. 
Extremely high suction rates have been established by cryogenically 
pumping the boundary layer gas directly to the wall.   The experimental 
apparatus used in this study incorporates a 12-in. -diam hypersonic noz- 
zle and a 16-in. primary liquid hydrogen cryopump with a pumping speed 
of 200,000 liters/sec.    Comparison of pitot and static pressures meas- 
ured in this nozzle with nitrogen at an upstream settling chamber tem- 
perature (T0j) of 300°K indicates a supersaturated isentropic flow regime 
bounded on the low pressure end by a merged boundary layer.    In a 
typical operating condition at Toi = SOCK, a merged boundary layer flow 
at M = 9. 50, Re = 256/cm, and a mean free path of 0. 06 cm was con- 
verted to a 4-in.  core flow with M = 15. 7, Re = 40/cm,  and a mean free 
path of 0. 6 cm by cooling the nozzle walls sufficiently for initiation of 
cryopumping.   This nozzle has also been supplied with arc-heated nitro- 
gen, and it has been found that the wall cryopumping retains effectiveness 
at supply temperatures at least as high as 4000°K, although for a lesser 
period of time and at lower efficiency.    When operating this apparatus 
with an arc heater, evidence has been found that there are some nitrogen 
atoms formed in the arc discharge which survive the expansion flow 
through the nozzle and are trapped on the cryogenic surfaces in atomic 
form. 

in 
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SECTION I 
INTRODUCTION 

The phenomenon of excessive boundary layer growth in the expansion 
nozzle of a low density wind tunnel is well known.    In the extreme case of 
a merged boundary layer this growth forms a fundamental limit to low 
density simulation in such a facility.    Early low density wind tunnels fre- 
quently operated with a boundary layer thickness ratio,  6/R,  in the 
neighborhood of 0. 50,  whereas conventional wind tunnels rarely operated 
with 6/R much over 0. 10.   A number of erstwhile conventional facilities 
are now routinely operated in a low density mode of operation.    As the 
simulated density levels were pushed to lower and lower levels, thicker 
boundary layers had to be tolerated and in some cases testing was accom- 
plished with 5/R fairly close to unity (Ref.   1). 

To define the low density limit imposed by the boundary layer a sim- 
plified analysis of reasonable accuracy is desirable.    It has often been 
found that nozzle boundary layers calculated on the basis of a simple flat 
plate theory are surprisingly close to experimental measurements.    For 
hypersonic nozzles this is no mere coincidence,   since the velocity gradient 
is large only in the immediate vicinity of the throat; for up to 90 percent 
of the nozzle length,  the velocity gradient is close to the flat plate value 
and a flat plate solution would naturally provide a good approximation. 
The exact flat plate solutions of Van Driest (Ref.  2) for a laminar boundary 
layer with Pr = 0. 75 and a Sutherland viscosity law give boundary layer 
thickness in a simple dimensionless form; 

f vw- FvftL. 4"° (1) 

In Fig.   1,  a large amount of experimental nozzle boundary layer thickness 

data is given as the dimensionless parameter, I —-J'Re    )       ,  normalized 
VL L/exp 

by the theoretical Van Driest value,  Fv,  plotted as a function of total 
Reynolds number.    It appears that the laminar flat plate approximation is 
valid for hypersonic nozzles to within ±15 percent for a large range in 
Mach number and cooling rates,  and for ReL <   10^.    All of the data given 
for Rej^  >  10^ are obviously turbulent data. 

Using this simple relation for boundary layer growth,  the limiting low 
Reynolds number for merged flow is given as 

«•L) merge   =   16 ^ (2) 

where it is assumed that 5 = D/2 and that L/D = 2.0,  which is probably a 
minimum value for hypersonic nozzles and corresponds roughly to a 30-deg 
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total-angle conical nozzle.    This (ReL)merge is a universal limit for 
hypersonic nozzles,  regardless of size,  and is plotted on the upper part 
of Fig.   2 for the two distinct cases of adiabatic walls and highly cooled 
walls (Tw = Tj.    Since the ReL scale is logarithmic,  the inaccuracy of 
the flat plate theory would show up as correspondingly narrow error 
bands about these two curves.    For a given (ReiJmergej  ^ *s clear that 
the minimum attainable unit Reynolds number',  an index of the degree of 
rarefaction,  will be inversely proportional to the nozzle scale. 

The Reynolds number limit is readily converted to a Knudsen number 
limit, 

Kn   =     Lmean       _ 32^        _   1.512        M 

L.c 57rpvLc ReLc 

For a characteristic length of one centimeter, 

(Kn     ) =   1.512   -    =   1.512   Mi  (4) 
cm'merge U°^       (Re/cm) (ReT) 

V    ' 
'       'merge v      L'merge 

This (KnCm)nierge *s a niaximum value for hypersonic nozzles and is 
directly proportional to the nozzle scale.    It is plotted in the lower half of 
Fig.  2 for a 12-in.   exit diameter nozzle for the same two-conditions of 
wall cooling as the Reynolds number curves.    By definition,  this parameter 
is also the maximum mean free path in centimeters attainable at--the 
boundary layer merge point.    For a model length of 1 cm,  the maximum 
Kn in the range of Mach number from 10 to 20 varies from 0. 1 to 0. 3, 
well below the free molecule regime.    For conventional hypersonic nozzles 
of 12-in.   diameter,  then,  free molecule conditions can only be achieved 
with extremely small models.    The experimental data on Fig.   2 are dis- 
cussed later. 

The low density limits just derived are for natural boundary layer 
growth.    A number of investigations have been made of the possibility of 
extending these limits by various means of boundary layer control. 
Stalder et al.   (Ref.   3) and Enkenhus (Ref.  4) describe experimental and 
theoretical work on establishing boundary layer suction through porous 
wall nozzles.    The conclusion that the supplemental pumping capacity for 
the suction flow could just as well be added to the primary pumping sys- 
tem to pump a larger nozzle,  however,  was based on the use of conven- 
tional means of pumping the suction flow.    The extremely high volumetric 
pumping capacity of cryogenically cooled plates was early recognized as 
being especially well suited to provide the primary pumping for low density 
wind tunnels (Ref.   5).    The use of cryogenic pumping for boundary layer 
control appeared to be a natural extension.    The basic feasibility of cryo- 
pumping a supersonic low density boundary layer directly to the chilled 
walls of a M = 3.0 supersonic nozzle was reported by the author (Ref.  6) 
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for carbon dioxide as a test gas.   An alternate technique of using cryo- 
genic pumping in combination with a regular porous wall nozzle was 
recently investigated by Bottorf and Rogers (Ref.  7).    An extension of 
the author's investigation is reported herein.    A more representative 
test gas (nitrogen) has been used, the Mach number has been increased 
to the M = 10 range, the test apparatus has been scaled up to a 1-ft 
diameter, and operation at high stagnation enthalpies has been provided 
by an arc-heated supply. 

SECTION II 
DESCRIPTION OF TEST FACILITY 

The test apparatus is shown schematically in Fig.  3.    The main com- 
ponents are, from left to right:   a 40-kw d-c arc heater, a reservoir 
chamber with radiation-cooled liner,  a 12-in.  exit diameter expansion 
nozzle, instrumentation probes, a primary cryopump, and an auxiliary 
pumping system. 

The nozzle has a throat diameter of 0. 150 in.  and a conical diverging 
section with a total expansion angle of 30 deg.    From a station 4 in.  down- 
stream of the throat at a geometric Mach number of 8, 5, to the exit of the 
nozzle, the diverging wall is surrounded by a coolant jacket.    There are 
four separate jackets which are commonly manifolded together as a single 
jacket.   When liquid hydrogen is used as a coolant,  a wall temperature of 
20. 4°K is produced.    Because of the much higher heat transfer rates at 
the throat, separate cooling is provided in this region.    Both water and 
liquid nitrogen have been used for throat cooling. 

The primary cryopump is an annular cylindrical tank 30 in. long and 
16 in.  in diameter,  mounted on knife edge supports in the vacuum tank 
downstream of the nozzle.    It has a surface area of approximately 3000 sq in. 
and an ideal free molecule pumping speed for nitrogen of 224,000 liters/sec. 
A 50-cfm mechanical vacuum pump and a 1500-liter/sec oil diffusion pump 
form the auxiliary pumping system used for initial pumpdown and holding. 

Pressures are measured at the points indicated in Fig. 3 with 
Alphatron® pressure gages.    Pitot pressures are measured at the nozzle 
exit with a five-tube rake.    Each probe is connected to a separate gage, 
but only one is shown for simplicity. 

Operation of this facility requires up to 4 kw of refrigeration at a tem- 
perature at least as low as 30°K.   A closed-loop helium refrigerator could 
provide this, but the initial cost would be very high (~$400, 000).    For this 
reason, an open-cycle system using the latent heat of liquid hydrogen boil- 
ing at atmospheric pressure was selected.    One gallon of liquid hydrogen 
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will provide 0. 0293 kw-hr of "refrigeration at 20. 4°K when boiled away to 
vapor.    The current cost of liquid hydrogen is $0,425 per gallon, giving 
an operating cost of $14. 50 per kw-hr of refrigeration.   A 40-gal dewar 
vessel is located outside the test building, and liquid hydrogen is fed to 
the nozzle jacket and cryopump through a vacuum-insulated supply line. 
The evolved gaseous hydrogen is vented to the atmosphere at a remote 
point outside the building through a completely enclosed vent system. 
The 40-gal local storage capacity is adequate to run the facility for from 
30 to 60 minutes, depending upon the mode of operation. 

SECTION III 
TEST RESULTS 

The boundary layer control test nozzle has been operated from 
T01 = 300 to 4000°K.   A majority of the results so far obtained have been 
for TQI = 300°K because of the simplicity of operation and data reduction 
when operating with an unheated supply gas.   These results will be 
described first, followed by a description of results at higher temperatures 
with the arc heater in operation. 

3.1  TD1  - 300°K WITH NATURAL BOUNDARY LAYER 

3.1.1 Magnitudes of Measured Pressures 

For reservoir pressure ranging from 1 to 730 mm Hg, the nozzle 
exit pitot pressure P02 is 1 to 500^, the nozzle exit static pressure is 
0. 7 to 3/i, the nozzle plenum pressure Pvo is 0. 07 to IJI,  and the cryo- 
pump chamber pressure Pvl is 0.002 to ljx.    The Pyg is always about 
0. 3 Pi so that the nozzle is always slightly underexpanded.    Measured 
values of Pyj and nozzle mass flow imply an effective pumping speed of 
200,000 liters/sec at the cryopump in the free molecule range, which is 
slightly less than the ideal value of 224,000 liters/sec. 

3.1.2 Pitot Pressure Profiles 

A family of pitot pressure profiles for eight reservoir pressures is 
given in Fig. 4.    For this hypersonic nozzle the flow is half boundary 
layer even at atmospheric supply pressure,  and the regular incursion 
of the boundary layer upon the core flow as Poi decreases is observed. 
Merging of the boundary layers from opposite walls occurs at 
Poi = 45 mm Hg.   There are strong gradients in the core flows, with 
compression regions near the edges of the cores for P0i between 180 and 
730 mm Hg.    Since the nozzle is always slightly underexpanded, these 
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non-uniformities are not related to any compressive adjustment to down- 
stream flow conditions.    They are believed to be a result of nonlinear 
contouring of the conical nozzle by the boundary layer displacement as 
the Reynolds number decreases.    It would be expected that initially the 
core flow would be a modified spherical source flow with an effective 
expansion angle slightly less than the nozzle expansion angle, followed 
by a regime in which compressive disturbances invade the core from the 
edges as the 6* growth becomes large and nonlinear,  finally to be suc- 
ceeded by a regime in which the curvature of the 6* growth is sufficient 
to approximate a completely contoured nozzle with the source flow 
turned roughly parallel to the nozzle axis and with a reasonable degree 
of uniformity restored in the core.    With demarcations roughly at 
P0j = 180 and 700 mm Hg,  three regimes consistent with this hypothesis 
can be observed in Fig.   4.    Additional supporting experimental evidence 
lies in the fact that flow angles measured for the uniform core regime 
below Poi = 180 mm Hg are only 30 to 50 percent of source flow angles. 
Lastly, a flow-field calculation by the method of characteristics (Ref.  8), 
for a conical nozzle corrected by a large calculated 6* growth,  has yielded 
core flow Mach number distributions consistent with the pressure distribu- 
tions of Fig.  4. 

3.1.3  Mach Number Calibration 

Equivalence of two Mach numbers determined separately from the 
ratios P02/-P01 and Pi/Poi is usually considered ample proof of isen- 
tropic flow conditions.    In Fig.  5, it is shown that there is reasonable 
agreement of these Mach numbers above P0^ = 45 mm Hg and a marked 
divergence below this pressure, which is obviously the merge point. 
Taking care to use P02 at the edge of the core for the non-uniform regime 
above Pox ~ 180 mm Hg, this indication of isentropic flow was found from 
the merge point to the highest reservoir pressure employed.    The mini- 
mum static pressure in this well established calibraton   is 1. 5p.    The 
static temperatures obtained from this calibration are from 8 to 16^, 
approximately 23°K below the equilibrium saturation curve for nitrogen. 
In view of the demonstrated isentropic nature of the nozzle expansion 
process, there is no doubt that this large degree of supersaturation was 
actually attained.    This propensity of a low density expansion for large 
degrees of supersaturation was previously noted for CO2 {Ref.  6) and is 
the result of extremely low nucleation rates at low density.    A comparison 
with a recent correlation of experimental supersaturation data in air 
(Ref.  9) shows that the present calibration data are clearly in a pressure 
and temperature regime where no condensation is to be expected. 
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3.1.4   Rarefaction Performance 

Referring to Fig. 2, it is shown that the Reynolds number and Knudsen 
number data obtained from the calibrated nozzle performance do in fact 
fall on the attainable side of the limiting curves for the adiabatic wall 
condition.    Further, the last experimental point, which is the merge point, 
agrees quite well with the limit curves.    For this nozzle, the maximum 
Kncm,  or maximum mean free path,  obtained at the merge point with 
Toi = 300°K is 0.056 cm.    To calculate either ReL or Kncm required 
viscosity values for nitrogen for temperatures down to 8°K,    There is no 
reason why a molecular encounter should be any different below the satura- 
tion curve than above it, as long as there is no significant clustering or 
nucleation, even for very large super saturations.    Based on this reasoning, 
nitrogen viscosity was calculated using the reduced collision integrals for 
the Lennard-Jones (6-12) potential and the molecular constants for nitro- 
gen given by Hirschfelder et al.  (Ref.  10).   It was necessary to extrapolate 
the collision integrals below 25°K.    This calculation is considered more 
accurate than a Sutherland law for these low temperatures. 

3.2 T.    ~ 300°K WITH CRYOPUMPING WALLS 

3.2.1 Pitst Pressure Profiles 

The effect on the pitot pressure profile of chilling the nozzle walls 
to 20°K and establishing an effective wall suction by freezing part of the 
flowing gas to the wall is given in Fig.  6.    This particular profile is for 
the reservoir pressure which gives a merged profile without suction, 
but the general shape of the cryopumped pitot profiles is quite insensi- 
tive to Poi-    There is, however,  a slow variation of both level and core 
size with Poj.    There is no well defined core boundary for these profiles, 
so an effective useful core is defined as that extent of the flow in which 
the pitot pressure variation is no more than ±5 percent. 

3.2.2 Mach Number Calibration 

The centerline Mach number obtained from the pitot pressure ratio 
P02/Poi is given in the uppermost curve of Fig.  5.    The probe Reynolds 
number was low enough for these data that viscous corrections to the 
measured impact pressure were required and the data of Kosterin et al. 
(Ref.   11) were used.    Correction factors as high as 2.0 were required. 
Acceptance of this Mach number, based on the single pressure ratio, 
requires the assumption of isentropic flow on the centerline.    This 
assumption is not as well founded as it is for the adiabatic wall case, 
because of difficulties in accurately measuring Pj.   The static pressure 



AEDCTR-65-148 

orifice is located in a Plexiglas® ring on which there is no pumping action. 
Above P0i = 100 mm Hg there is agreement of measured static pressure, 
corrected for thermal transpiration,  with static pressure inferred from 
the pitot pressure Mach number within a scatter of about 0.3u.   This is 
sufficient to rule out any large changes in entropy,  e. g., from liquefac- 
tion in the stream.   Below P01 = 100 mm Hg, however, the absolute 
magnitude of Pi becomes so low that its measurement with available 
sensors is questionable.   In this range, reliance must be placed on the 
intuitive notion that if wall cryopumping does not change the entropy of the 
residual nozzle flow above P01 = 100 mm Hg, there is no reason to suppose 
that it will below. 

Removal of a certain fraction of the mass flow from the stream in- 
creases the effective area ratio of expansion of the remaining stream and 
leads to the significant increase in Mach number shown in Fig. 5.   The 
mass flow to the wall has been calculated in two ways:   integration of the 
pitot pressure profile to obtain the residual mass flow and by an independ- 
ent calculation of the mass flux distribution along the nozzle, based on 
free-molecule cryopumping conditions with a sticking fraction of 0.87. 
The results show that at P01 = 76 mm Hg, about 27 percent of the initial 
mass flow is cryopumped to the nozzle wall. 

3.2.3  Rarefaction Performance 

Referring to Fig.  2 again, the experimental Re]_ and KnCm ?or *he 

cryopumping wall mode of operation represent at least an order of mag- 
nitude improvement in the rarefaction performance of the nozzle.    The 
experimental total Reynolds number points are lower than the theoretical 
adiabatic wall limit for the entire range covered, and over at least the 
lower half of this range, they are lower than the highly cooled wall limit - 
by a full order of magnitude for the last point at M = 17.    The same gen- 
eral remarks apply to the Kncm data in the lower half of Fig. 2.    It can 
be seen that the longest mean free path attained was 1. 75 cm at a Mach 
number for which the theoretical cold wall nozzle limit is 0. 134 cm and 
the adiabatic wall limit is only 0. 023 cm. 

This comparison is not complete since the usable core size also 
varies for all the data shown.    A better comparison is shown in the form 
of Kncm versus usable core diameter in Fig.  7.   The curve for the 
adiabatic wall case shows the variation of Kncm within the core for the 
non-uniform core regime above P0i = 180 mm Hg.   Not only is the in- 
creased mean free path capability brought out in this plot, but also the 
accompanying appreciable increase in core size.   At the point of vanish- 
ing core for the adiabatic wall (at Lmean = °« 056 cm)' the cryopumped 
wall provides a core diameter of 2. 4 in.    Operation at the lowest density 
obtained in the cryonozzle provides a mean free path of 1. 75 cm in a 
4. 2-in. -diam core. 
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3.3  RESULTS AT HIGH STAGNATION ENTHALPY 

3.3.1 Boundary Layer Control 

No fundamental differences have been found in the aerodynamics of 
chis apparatus when the nitrogen supply is heated up to 4000CK with the 
arc heater.    Although a nominal 40-kw heater is provided, only 2 or 3 kw 
is put into the gas entering the nozzle.    This does represent a large in- 
crease in heat load on the cryopump, but the condensate surface area is 
apparently large enough to maintain reasonable flux levels on the con- 
densate side.   Of equal importance, the vent system has proved large 
enough to handle the increased flow of evolved gaseous hydrogen.   The 
pitot pressure profiles at elevated Toi are similar to the room tempera- 
ture profiles at corresponding Reynolds number.   The variation of useful 
core size with Toi» shown in Fig.  8, indicates a decrease in nozzle wall 
cryopumping speed as Toi increases.    More important, there is a time 
dependency appearing at high Toi (not shown in Fig. 8) which was not 
encountered at room temperature.    The data of Fig.  8 were obtained 
within 5 or 6 minutes of the initiation of the flow.   At greater time 
intervals, the core size was observed to decrease gradually towards the 
no suction values, indicating a gradual fall-off in pumping speed with 
time.    The sensitivity of the cryopumping sticking fraction (and hence 
pumping speed) to the temperature of the surface of the condensate layer 
has been shown by Collins and Dawson (Ref.   12).    Apparently, the decay 
in pumping speed is the result of the increasing condensate surface tem- 
perature as the condensate thickness increases with time.    Since the sur- 
face temperature rise is proportional to the heat load, the rise is much 
more rapid at high stagnation temperature levels. 

3.3.2 Alternate High Temperature Approaches 

Since the degradation of pumping speed at high Toj is the result of 
the high heat load across the cry ode posit, it is obvious that relief lies 
in the direction of reducing this heat load.    The indirect cryopumping 
configuration with a porous wall nozzle,  investigated by Bottorf and 
Rogers (Ref.  7), could be adapted to this end by placing liquid nitrogen 
pre cooling surfaces between the porous wall of the nozzle and the ultimate 
cryogenic pumping surfaces.    However, these cooling surfaces would also 
further increase the pressure drop between the base of the boundary layer 
in the nozzle and the pumping surfaces.    A design optimization of the pore 
configuration and cooling vane configuration would appear to be required. 
The pore configuration investigated by Bottorf and Rogers yielded Mach 
number increases of only 0. 6 to 1.0,  considerably less than the directly 
pumped nozzle reported herein. 

8 
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A technique of relieving the heat load on the cryodeposit in the directly 
pumped nozzle is to cool the boundary layer as much as possible upstream 
of the surfaces intended to do the pumping.    A preliminary indication of 
the potential of this technique is shown in Fig.  8 for a single data point 
obtained with the throat section cooled with liquid nitrogen rather than water. 
A very promising increase in core size is seen, but it proved to be very 
difficult to maintain a liquid nitrogen flow around the throat.   The high heat 
transfer rates in this region led to a quite rapid gasification of the nitro- 
gen and subsequent vapor lock in the narrow throat cooling passages.    A 
modification to be investigated will consist of water cooling the throat to 
about the M = 1. 5 station, followed by liquid nitrogen cooling from that 
point to the beginning of the cryopumping section. 

3.3.3   Evidence of Nitrogen Atoms in Cryodeposit 

A startling green luminous glow was observed emanating from the 
cry ode posits upon initial operation with the arc heater. ■ The glow was 
quite intense and decayed 20 sec after arc extinguishment.   Analysis of 
this glow showed it to be remarkably simple spectrally:   a sharply defined 
doublet or triplet at 523o0 Ä and three moderately strong but diffuse lines 
between 5550 and 5657 A.   Nothing more could be recorded for reasonable 
plate exposure.    A literature search revealed excellent agreement between 
these lines and the strongest features of spectra previously observed from 
nitrogen cryodeposits (Refs,   13 and 14).   According to these references 
the glow is from an electronic transition in nitrogen atoms trapped in the 
cryodeposit.   The transition is from the 2p32o state to the 2P34S ground 
state - a highly forbidden transition in the normal gaseous state, with a 
half-life of 20 hr.    In the solid matrix this transition becomes highly prob- 
able, with a half-life of 15 sec, because of the perturbing effect of the 
electric quadrupole moments of the closest neighboring nitrogen molecules. 

From the gas dynamic standpoint, this phenomenon is interesting 
because it indicates a lack of equilibrium in the nozzle reservoir.    Depar- 
tures from equilibrium are to be expected in high temperature, low density 
nozzle expansions, but it is usually assumed that the starting condition is 
at equilibrium, because of the long particle residence time there.   These 
glows have been observed (hence implying atoms surviving the journey from 
arc column to cryopump) for reservoir conditions as low as 100Q°K and up 
to 1/2 atmosphere of pressure.    The mass fraction involved in producing 
these glows is not known at the present time. 
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SECTION IV 
CONCLUSIONS 

1. For room stagnation temperature, the control of low density- 
boundary layers in nozzles by direct cryopumping to the walls gives an 
order of magnitude increase in the degree of rarefaction attainable in a 
hypersonic nozzle. 

2. The effectiveness of the wall cryopumping falls off at elevated 
stagnation temperatures, but some degree of effectiveness is retained 
even at 4000°K.   A time dependency is also felt through pumping speed 
decrease as condensate surface temperature rises.   Nevertheless,  5- 
or 6-min runs are still possible at T0i = 4000°K before any appreciable 
loss in performance is encountered. 

3. Preliminary evidence has been found that the performance decay 
at high Toi may be alleviated by precooling the suction flow - either by 
use of highly cooled walls ahead of the cryopumping section or by the 
introduction of inter cooling in an indirectly cryopumped porous-wall 
nozzle. 

4. A certain number of atoms produced in the arc column of the 
arc heater survive not only the nozzle recombination process, but also 
resist recombination in the nozzle reservoir at moderately low tempera- 
tures (~1000°K).    They are ultimately imbedded in the cryodeposit in free 
radical form, where their presence is demonstrated by a luminous green 
glow with spectral characteristics of an electronic transition in nitrogen 
atoms. 
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